We introduce a new prescription for obtaining the chemical freeze-out parameters in the heavyion collision experiments using the Hadron Resonance Gas model. The scheme is found to reliably estimate the freeze-out parameters and predict the hadron ratios, which themselves were never used in the parametrization procedure.
Introduction: − Strongly interacting matter is expected to exhibit a rich phase structure under extreme conditions of temperature and density. Exotic phases with quasi-free quarks and gluons may have existed at high temperatures in the very early universe [1] . Even today, in the core of compact stars with high baryon densities, various exotic phases like color superconductivity, color superfluidity, may be present [2] .
Direct signatures of these phases can only be accessed in experiments with relativistic nuclear collisions that are being pursued at CERN (France/Switzerland) and BNL (USA), and also to be carried out at GSI (Germany) and JINR (Russia). In the canonical picture of heavy-ion collision (HIC), the high density fireball formed, is expected to thermalize rapidly, expand out fast and then cool down quickly. As the system expands, the inter-particle distances increase, and subsequently all thermal and chemical interactions freeze-out. Finally the detected strongly interacting particles are the hadrons and their resonances which may be in chemical equilibrium [3, 4] .
In a pioneering work [5] using the Hadron Resonance Gas (HRG) model, it was argued that the freeze-out surface may be universally characterized by the average energy per hadron to have a value of 1 GeV. Subsequently there has been a huge interest in studying the properties of strongly interacting matter using HRG model . This model has successfully described hadron yields from AGS to LHC energies [8-10, 12-16, 19-23, 40-45] . In this context the discussions of multi-strange enhancement [46] and saturation of strangeness [47] in a quark-gluon phase came up. Some authors also considered possible undersaturation of strangeness in the observed spectrum [48] , [15] . Bulk properties of hadronic matter have also been studied in this model [17, 18, 25] . Moreover, role of various undiscovered resonance states in determining the freeze-out surface has been investigated [49] . There has been recent attempts to address the freeze-out conditions even from the first principle lattice QCD [50, 51] . The general perception from all these studies is that at freezeout the hadrons are in thermodynamic equilibrium.
Here we propose a novel fitting procedure for extraction of thermal parameters from experimental hadron yields with the ideal HRG model and show that the ratios of the yields are very well reproduced for experiments over a wide range of collision energies.
HRG Model: − The grand canonical partition function of the hadron resonance gas is given by,
The sum runs over all hadrons and resonances. The thermodynamic potential for i'th species is given as,
where the upper sign is for baryons and lower for mesons. Here V is the volume, T is the temperature, and for the i th species of hadron, g i , E i and m i are respectively the degeneracy factor, energy and mass, while µ i = B i µ B + Q i µ Q + S i µ S is the chemical potential, with B i , Q i and S i denoting the baryon number, electric charge and strangeness respectively. Here µ B , µ Q and µ S are the baryon, electric and strangeness chemical potentials respectively. For a thermalized system the number density n i can be calculated from partition function, which is given as,
The thermal parameters (T, µ B , µ Q , µ S ) may then be obtained by fitting experimental hadron yields to the model parametrization via the relation between the rapidity density for i'th detected hadron to the corresponding number density in the HRG model [22] ,
where the subscript Det denotes the detected hadrons. Here,
where the summation is over the heavier resonances j that decay to the i th hadron. Usually the systematics due to the volume factor is removed by considering hadron yield ratios. It is a standard practice to fit temperature T and the baryon chemical potential µ B using χ 2 analysis with the available particle yield ratios, while the charge chemical potential µ Q and the strange chemical potential µ S are determined by imposing the constraints [43] ,
and
where r is net-charge to net-baryon number ratio of the colliding nuclei. For example, in Au + Au collisions r = N p /(N p + N n ) = 0.4, with N p and N n denoting the number of protons and neutrons in the colliding nuclei. Here we consider a different approach rather than the χ 2 analysis to obtain T and µ B . Since there are four independent freeze-out parameters, we need two more independent and unique relations, along with the two constraint relations given above. This can be obtained from the conserved quantities associated with strong interactions. Accordingly, we introduce the two independent quantities as the net baryon number normalized to the total baryon number and the net baryon number normalized to the total hadron yield for the detected hadrons. The total hadron yield may be considered as a close measure for hadronic entropy [52] . For these quantities we form the two equations,
The ratios on the left hand side consists of the rapidity density of hadron yields measured in the HIC experiments and those on the right are the number densities calculated in the HRG model. The sum runs only over the identified hadrons for which the yield data are available. The equations are clearly unique and independent of each other if a sufficient number of identified hadrons are involved.
Data Analysis: − We have used AGS [53] [54] [55] [56] [57] [58] [59] [60] [61] , SPS [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] , RHIC [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] and LHC [88-91] data for our analysis. STAR BES data has been used following [44, 92, 93] . In the present study we have only taken mid-rapidity data for the most central collisions.
In our HRG spectrum we have used all hadrons up to 2 GeV which are confirmed with known degrees of freedom. The masses and branching ratios used are as given by the Particle Data Group [94] . But data are available for only a few hadrons at various collision energies. The identified hadrons used to obtain the freeze-out parameters are, π and Ω − are not available for most of the √ s. Also, φ (1019.46 MeV) has been excluded from the fitting as it is already included in the model through its strong decay channel to kaon. For the lower AGS energies we could not find any anti-baryon data. There we have used Λ to proton ratio and total baryon to total hadron yield as a substitution of Eq. 8 and Eq. 9.
The equations Eq. (6−7−8−9), are highly non-linear and are solved numerically using the Broyden's method with a convergence criteria of 10 −6 or better. We had to tune the initial conditions accordingly for different √ s to achieve desired convergence accuracy. The variances of the fitted parameters were obtained by extracting the freeze-out parameters at the extremum values of the hadron yields given by the experimental variances.
Freeze-out Parameters: − The freeze-out parameters are depicted in Fig. 1 . The general behavior as well as the quantitative estimates are commensurate with those in the existing literature. The variation of the freeze-out temperature with the center of mass energy √ s is shown in Fig. 1a . As expected, the temperature increases with increasing √ s, and approaches a saturation [3], except at the LHC energy where the temperature is lower. This is probably due to the lower yield of protons at LHC [91] .
In Fig. 1b proaching zero for increasing √ s. Here, the neutrons in the colliding nuclei (lead or gold), being more abundant than the protons, induce an isospin dominance in favor of π − than π + . The pions being the lightest charged particles, dictates the sign of µ Q . On the other hand, strangeness production is expected to be dominant at higher baryon densities due to the possible redistribution of Fermi momentum among larger degrees of freedom lowering the Fermi energy [95] . Though it is not clear whether this picture should hold in the HIC scenario, the fitted strangeness chemical potential µ S , does indeed show such a behavior.
Hadron Yield Ratios: − With the freeze-out parameters obtained, we now discuss the various predicted hadron yield ratios. Though the hadrons yields were used in the analysis, none of their individual ratios were part of the equations solved, and are therefore quite independent predictions from the model. The only exception is the use of the single ratio Λ/p for the lower AGS energies. From the experimental data the variations in the yield ratios are obtained from those of the individual yields using standard error propagation method [96] . We have considered both systematic and statistical errors and the total error for a particular yield was obtained in quadrature.
Here we discuss some important representative hadron ratios. The predictions of other hadron yields also came out satisfactorily and will be presented elsewhere. In Fig. 2 the π − to π + ratio is shown as a function of √ s. As discussed earlier, this ratio is greater than 1 for low √ s and approaches 1 at higher collision energies. Rather than the +ve charge of the protons the higher neutron abundance seems to push for the isospin asymmetry in favor of π − . The data are well reproduced by our analysis. The k/π ratio is considered to be an important observable for strangeness enhancement in high energy collisions. A 'horn' in the k + /π + ratio was originally suggested as a signature of QGP [97] [98] [99] [100] . Several authors have tried to explain the behavior of k + /π + and k − /π − using different approaches (see [101] and references therein). The comparison between the experimental data for these ratios and the corresponding predictions from our model analysis is shown in Fig. 4 . We find that irrespective of the underlying physical mechanism that gives rise to the horn, which is beyond the scope of the HRG model, the experimental ratios and model predictions agree quite well.
In Fig. 5 the ratios Λ/p and Ξ − /p are shown. The agreement for Λ/p is reasonable except for a slight downshift of the predicted results as compared to the experimental data. Consideration of possible uncertainties in contribution from weak decays may remove this discrepancy [80] . Such uncertainties are not included in our analysis. The model predictions for Ξ − /p is found to agree well with the experimental data, as shown in Fig. 5b .
Finally we present some ratios for the φ, and Ω particles whose yield data were never used in the analysis. The φ/π + ratio is shown in Fig. 6 . Since φ has no net charge of any kind, it is dependent only on the temperature. The predicted φ/π + plot closely resembles the temperature plot. Again prediction from our model agrees reasonably with the experimental data.
The predictions for the Ω/p ratios are shown in Fig. 7 . The experimental data are available at only a few √ s. The model predictions seem to agree quite well. ments from the reported hadron multiplicity data in the central rapidity bins for the most central collisions in a wide range of center of mass energies. Instead of using the χ 2 analysis we have simply equated the baryonic charges, as well as baryon to entropy ratios between the HRG model and experimental data to obtain the freezeout parameters. We could satisfactorily solve the equations and generate the most reasonable predictions of the various hadron ratios. Even the predictions for multistrange hadrons like Ω, whose yields were never used in the parametrization, are predicted satisfactorily. Therefore this simple elegant formalism may be an useful substitution for the χ 2 analysis. 
